Anesthesia and surgery induce macrophage aggregation and neutrophil influx, responses that characterize an inflammatory reaction in the distal airway. We thus evaluated the time-dependent expression of genes for proinflammatory cytokines during propofol and isoflurane anesthesia. We studied patients anesthetized with propofol (n ϭ 20) or isoflurane (n ϭ 20). Alveolar macrophages were harvested by bronchoalveolar lavage immediately, 2, 4, and 6 h after induction of anesthesia, and at the end of surgery. RNA was extracted from harvested cells and cDNA was synthesized by reverse transcription. Expression of interleukin-1␤ (IL-1␤), IL-6, IL-8, interferon gamma, and tumor necrosis factoralpha was measured by semiquantitative polymerase chain reaction using ␤-actin as an internal standard. We observed two 10-fold increases in gene expression of all proinflammatory cytokines except IL-6. The increases in IL-8 and interferon gamma were 1.5-3 times greater during isoflurane than propofol anesthesia. Expression of the genes for IL-1␤ and tumor necrosis factor-alpha was similar with each anesthetic. Our data thus indicate that the pulmonary inflammatory response accompanying anesthesia and surgery is accompanied by the expression of proinflammatory cytokines, and that this expression was in some cases greater during isoflurane than propofol anesthesia. Implications: Gene expression of proinflammatory cytokines in alveolar macrophages increased significantly over time. The increases were greater during isoflurane than propofol anesthesia, suggesting that inflammatory responses at transcriptional levels in alveolar macrophages are modulated by the type and duration of anesthesia.
Anesthesia and surgery induce macrophage aggregation and neutrophil influx, responses that characterize an inflammatory reaction in the distal airway. We thus evaluated the time-dependent expression of genes for proinflammatory cytokines during propofol and isoflurane anesthesia. We studied patients anesthetized with propofol (n ϭ 20) or isoflurane (n ϭ 20). Alveolar macrophages were harvested by bronchoalveolar lavage immediately, 2, 4, and 6 h after induction of anesthesia, and at the end of surgery. RNA was extracted from harvested cells and cDNA was synthesized by reverse transcription. Expression of interleukin-1␤ (IL-1␤), IL-6, IL-8, interferon gamma, and tumor necrosis factoralpha was measured by semiquantitative polymerase chain reaction using ␤-actin as an internal standard. We observed two 10-fold increases in gene expression of all proinflammatory cytokines except IL-6. The increases in IL-8 and interferon gamma were 1.5-3 times greater during isoflurane than propofol anesthesia. Expression of the genes for IL-1␤ and tumor necrosis factor-alpha was similar with each anesthetic. Our data thus indicate that the pulmonary inflammatory response accompanying anesthesia and surgery is accompanied by the expression of proinflammatory cytokines, and that this expression was in some cases greater during isoflurane than propofol anesthesia. Implications: Gene expression of proinflammatory cytokines in alveolar macrophages increased significantly over time. The increases were greater during isoflurane than propofol anesthesia, suggesting that inflammatory responses at transcriptional levels in alveolar macrophages are modulated by the type and duration of anesthesia.
(Anesth Analg 1999;89:1250 -6) A lveolar immune cells are a normal element in the lungs. More than 90% are alveolar macrophages, and these cells are a critical component of the defense against postoperative pulmonary infection. Among other functions, alveolar macrophages secrete chemoattractants, which provoke influx and activation of neutrophils during serious pulmonary disorders such as acute respiratory distress syndrome (1) . Activation of neutrophils, in turn, up-regulates production of adhesion molecules that facilitate macrophage aggregation (2) .
We have reported time-dependent increases in macrophage aggregation and neutrophil influx (3, 4) , changes that were greater during isoflurane than propofol anesthesia (4) . Inhalation of volatile anesthetics and mechanical ventilation, provokes gene expression of proinflammatory cytokines in a rat model (5) . These findings indicate that anesthesia and surgery provoke a pulmonary inflammatory response. Proinflammatory cytokines are probably the most important factors contributing to inflammation. It is thus likely that production of proinflammatory cytokines by alveolar macrophages contributes to neutrophil influx and macrophage aggregation (1) (2) (3) (4) (5) .
Unfortunately, interpretation of cytokine concentrations in bronchial lavage fluid remains problematic. A major limitation is that at least a fraction of the cytokines produced remain within the macrophages, perhaps to facilitate aggregation. But it is also difficult to evaluate secreted cytokine concentrations because there are no established dilutional markers in the epithelial lining fluid, and thus no reliable method of estimating the volume of the epithelial-lining fluid (6) . Furthermore, the integrity of the distal airway is seriously deranged during anesthesia and surgery; it is therefore risky to use conventional dilutional markers such as protein and electrolytes.
We therefore evaluated the immunologic function of alveolar macrophages at the cellular level, using reverse transcription-polymerase chain reaction (RT-PCR) to amplify mRNAs of proinflammatory cytokines from alveolar macrophages. We also compared the changes in gene expression of the proinflammatory cytokines during propofol and isoflurane anesthesia. In light of the complexity and redundancy of the the cytokine network, we evaluated the key proinflammatory cytokines including interleukin-1␤ (IL-1␤), IL-6, IL-8, interferon gamma (IFN-␥) and tumor necrosis factor-alpha (TNF-␣).
Methods
The protocol for this study was approved by the Institutional Review Board of the University of Hirosaki School of Medicine and written informed consent was obtained from all patients. We enrolled surgical patients who were scheduled to undergo nonthoracic and nonabdominal surgery lasting more than 6 h.
We excluded patients who had a history of tobacco or steroid medication. We also excluded those who were ASA Physical Status III-V, who had chronic obstructive or restrictive lung diseases, pulmonary or systemic infections, or chest radiograph or spirometric abnormalities (forced vital capacity and forced expiratory volume in 1 s below 80% and 70% of expected values, respectively). Preoperative screening was conducted by one physician to ensure consistent application of these criteria.
Participating patients were randomly assigned to propofol (n ϭ 20) or isoflurane (n ϭ 20) anesthesia. All patients were premedicated with 0.2 mg/kg diazepam and 75 mg roxatidine (an H 2 blocker) orally 90 min before induction of anesthesia. Anesthesia was induced with 4 -6 mg/kg thiopental and 5 g/kg fentanyl. Tracheal intubation was facilitated by IV administration of 0.08 -0.1 mg/kg vecuronium. Patients were mechanically ventilated throughout anesthesia with 30% oxygen and 70% nitrogen at a tidal volume of 8 -10 mL/kg. Respiratory rate was adjusted to maintain end-tidal Pco 2 near 40 mm Hg. Patients who were assigned to propofol were maintained with 5-9 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 of the drug, along with fentanyl and vecuronium. The remaining patients were given 1%-1.5% isoflurane, again along with fentanyl and vecuronium. Lactated Ringer's solution (7-10 mL ⅐ kg
) was given during maintenance of anesthesia.
Sedation was recorded continuously by the bispectral index of the electroencephalogram using an A-1050 monitor (Aspect Medical, Inc., Natick, MA). A catheter was inserted in the radial artery to monitor blood pressure. Central venous pressure was monitored through the internal jugular vein. End-tidal Pco 2 and peak-airway pressure were monitored continuously. Core temperature was recorded from the distal esophagus. We also monitored the electrocardiogram and saturation from a pulse oximeter.
We used a slight modification of our previously described method for performing bronchoalveolar lavage to obtain alveolar macrophages (4) . Before each bronchoalveolar lavage, arterial blood was sampled for gas analysis and blood chemistry. We simultaneously recorded blood concentrations of magnesium and calcium. Briefly, a bronchovideoscope was introduced through the endotracheal tube. The tip of the bronchovideoscope was wedged into a subsegment of the left or right lower or middle lobe of the lungs, and 20 mL of 0.9% saline solution including 16 mM of lidocaine titrated with NaOH to a pH of 7.4 was instilled through the suction port of the bronchovideoscope. The lavage fluid was then gently aspirated. This procedure was repeated five times, so that a total of 100 mL of the saline was instilled. Bronchoalveolar lavages were performed immediately after induction, 2, 4, and 6 h after induction of anesthesia, and at the end of the surgery. Postoperatively, all patients had a pulmonary chest radiograph. They were also evaluated daily for clinical signs of pulmonary complications including edema and infection.
After straining through a single layer of loose cotton gauze to remove mucus, we pooled the lavage fluid in a sterile siliconized container. Five milliliters of lavage fluid were reserved for total cell count, viability, cell differentiation, and aggregation. We counted the number of alveolar macrophages with a hemocytometer. The viability of alveolar cells was evaluated by an ability to exclude the 0.2% trypan blue (SigmaAldrich, Tokyo, Japan) as described in our previous studies. Cell differentiation and aggregation were examined by counting 500 cells on a Wright-Giemsa stained slide. Aggregation of the alveolar macrophages was expressed as percentage of nuclei in aggregated cells per 500 nuclei counted on two or three slide preparations. Alveolar macrophages were separated by centrifugation at 200g for 10 min. After the supernatant was decanted, harvested cells were dissolved in 0.5 mL of guanidinium buffer (4 mM of guanidinium isothiocyanate, 50 mM of Tris HCl, 10 mM of EDTA, 2% sarcoryl, 100 mM of mercaptoethanol). The following molecular analysis of proinflammatory cytokines was based on our previously reported method with slight modification (5). Total RNA was isolated by the well established acid guanidinium-phenol-chloroform method. The amount of isolated RNA was measured by a spectrophotometer (Model DU-65; Beckman, Tokyo, Japan). We obtained 5.7-11.4 g of RNA from each sample. By incubation at 40°C for 60 min, cDNA was synthesized from 5.0 g of RNA with 20 L total reaction mixture including Tris-HCl buffer (pH 8.3), 1 mM of deoxyribonucleoside triphosphates and 0.125 M of oligo deoxyribonucleic thyminate primers, and 20 U of RNase inhibitor and 0.25 U of Avian Myeloblastosis Virus reversed transcriptase. After 60 min of incubation, the RT was inactivated at 95°C for 3 min.
The semiquantitative RT-PCR mixture (50 L) contained cDNA synthesized from 0.5 g of RNA, 10 mM of Tris-HCl (pH 8.3), 50 mM of KCl, 2.5 mM of MgCl 2 , 0.2 mM of dNTP, 0.2 M of 5Ј and 3Ј oligonucleotide primers, and 2.5 U Taq polymerase (Takara Co., Tokyo, Japan). In duplicate, the reaction mixture was then amplified in a DNA thermocycler (Perkin-Elmer Co., Irvine, CA). Each cycle consisted of denaturation at 94°C for 1 min, annealing at 56°C (IL-6 and IFN-␥) or 59°C (for other cytokines) for 1 min, and extension at 72°C for 1 min.
The optimal number of PCR cycles for each primer set was determined in preliminary experiments so that the amplification process was performed during the exponential phase of amplification. The number of PCR cycles are as follows: 26 for ␤-actin, 29 for IL-1␤, 35 for IL-6, 32 for IFN-␥, 27 for IL-8 and TNF-␣. The sequence of cytokine specific primer pairs, 5Ј and 3Ј, is shown in Table 1 . Coamplification of the cDNA for each cytokine and ␤-actin was then performed in single tubes. The ␤-actin primers were added after several cycles with only cytokine primer so that the final number of PCR cycles was optimal for both the cytokine and ␤-actin.
The PCR products were quantified by densitometry measurements. The PCR products were separated by electrophoresis on a 1.8% agarose gel containing 0.5 g/mL ethidium bromide. PCR products were visualized on a transilluminator (Model FBTIV-816; Fisher Scientific, Pittsburgh, PA) at 312-nm wavelength and photographed with Polaroid 667 film. The band images were obtained by scanning the Polaroid with a ScanJet 3P (Hewlett-Packard, Cupertino, CA). The total intensity (average intensity ϫ total pixels) of each band was measured with Mocha software (Jandel Scientific Software, San Rafael, CA). To evaluate the relative amount of cytokine mRNA in each patient, the cytokine/␤-actin ratio of the intensity of ethidium bromide luminescence for each PCR product was calculated.
Immediately after induction of anesthesia was designated as elapsed time zero. Time-dependent intragroup data were evaluated using repeated-measures ANOVA and Dunnett's tests for comparison to elapsed time zero. P Ͻ 0.05 was considered statistically significant. Differences between propofol and isoflurane at each time were evaluated using twotailed, unpaired t or 2 tests, as appropriate. Our nominal P value was 0.05. Because we compared values in the two groups at five time points, we used a Bonferonni correction; a P Ͻ 0.01 was thus considered statistically significant. Data are expressed as mean Ϯ sd.
Results
There were no between-group differences in age, sex, body weight, and pulmonary functions (data not shown). Hemodynamic and pulmonary responses were also similar. Plasma electrolyte concentrations did not differ significantly in the two groups. Postoperative chest radiographs and daily clinical follow-up failed to identify any pneumonia or complications. Many physiologic responses differed over time during anesthesia. However, the major blood variables did not differ significantly among the patients given propofol and isoflurane (Table 2) .
There were no statistically significant differences in the cell-recovery rates or types of cells recovered as a function of time within groups, or among groups. The fraction of nonviable recovered alveolar macrophages did not increase significantly over time and was comparable during propofol and isoflurane anesthesia. However, the percentage of neutrophils increased significantly over time, whereas the fraction of macrophages decreased significantly. The percentage of lymphocyte did not change. The increase in neutrophil influx was slightly but significantly greater during isoflurane than propofol anesthesia by the end of surgery. The fraction of aggregated macrophages increased in both groups, and the increase was significantly greater during isoflurane than propofol anesthesia ( Table 3) .
The expression of genes for all measured cytokines was minimal at elapsed time zero. The expression of the genes for IL-1␤ and TNF-␣ increased after induction of anesthesia, and continued to increase throughout anesthesia. The increases were similar during propofol and isoflurane anesthesia (Fig. 1) . Expression of the genes for IL-8 and IFN-␥ increased significantly, started 2 and 4 h after anesthesia, respectively. The increases in gene expression of IL-8 and IFN-␥ were greater during isoflurane than propofol anesthesia (Fig. 2) . In contrast, we observed little or undetectable expression of the gene for IL-6 and there were no differences among groups.
Discussion
With the exception of IL-6, anesthesia and surgery augmented expression of the genes for proinflammatory cytokines. Among the ones we evaluated, IL-1␤ Results are presented as mean Ϯ sd. MAP ϭ mean arterial pressure, T core ϭ core temperature, BIS ϭ bispectral index. * Statistically significant differences from elapsed time zero (just after induction of anesthesia). There were no significant differences between the patients given propofol and isoflurane.
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and TNF-␣ are the most important inflammatory mediators in alveolar macrophages. For example, gene expression for IL-1␤ and TNF-␣ increase markedly after exposure to noxious substances such as lipopolysaccharide or bacteria (7). Our results, together with previous studies, suggest that an inflammatory reaction is induced at the transcriptional level within hours after induction of anesthesia. The timedependent increases in gene expression of these cytokines were consistent with previously reported pulmonary histologic changes including macrophage aggregation and neutrophil influx (3) (4) (5) . Neutrophil activation includes polarization, locomotion, adherence, phagocytosis, and microbicidal activity followed by a respiratory burst (2) . Propofol, by virtue of its lipid solubility, considerably depresses neutrophil function. Neutrophil polarization, for example, is reduced as much as 50% by clinical concentrations of propofol (8) . Furthermore, both propofol and its interlipid dilutant reduce neutrophil chemotaxis (9) . And finally, propofol inhibits the critical neutrophil respiratory burst (oxidative killing) in clinical concentrations (10) . Isoflurane, in contrast, stimulates neutrophil chemotaxis (11).
Neutrophils normally constitute Ͻ5% of alveolar cells; however, neutrophils migrate from intravascular space to the distal airway upon activation. IL-8 is among the most potent chemoattractants for neutrophils. Inhalation of noxious substances provokes expression of the genes for IL-8 and other proinflammatory cytokines by alveolar macrophages (7, 12) . We observed that the expression of the gene for IL-8 was greater during isoflurane than propofol anesthesia. This result is consistent with our previous report that isoflurane provokes a greater intraoperative inflammatory response in alveolar macrophages than propofol (4). Taken together, available data thus suggest that the differing expression of IL-8 with volatile and IV anesthetics is likely to prove an important factor modulating alveolar macrophage function.
IFN-␥ facilitates macrophage aggregation and fusion (13) and markedly stimulates production of the intracellular adhesion molecule-1 which plays a central role in macrophage and neutrophil adhesion and neutrophil migration into sites of inflammation (14) . As with IL-8, the expression of IFN-␥ was significantly greater during isoflurane than propofol anesthesia. Augmented expression during isoflurane anesthesia did not result from differences in known confounding factors such as magnesium and calcium concentration or body temperature (13) , and can therefore be ascribed to an effect of the anesthetics per se.
IL-6 is a pleiotropic cytokine, and like IL-1␤ and TNF-␣, IL-6 is involved in acute-phase protein production and is an endogenous inflammatory mediator. In contrast, IL-6 limits inflammation by inhibiting release of TNF-␣ by macrophages (15) . Even direct instillation of IL-6 abrogates subsequent lipopolysaccharide-induced lung injury, suggesting that IL-6 exerts antiinflammatory effects in the lungs (12) . Unlike the other proinflammatory cytokines, there was little or no expression of the gene for IL-6 in alveolar immune cells. Why this cytokine is not expressed remains unknown. However, McCrea et al. (16) report that bronchoalveolar lavage fluid contains detectable IL-6 in 50% of patients. Although alveolar macrophages can produce IL-6 in vitro, other cells such as alveolar epithelial cells or fibroblast may be the main sources in vivo.
All of our patients were anesthetized, undergoing surgery, and mechanically ventilated. We therefore cannot determine the independent contributions of each factor to the responses we observed. Although the contribution of surgical stress per se to the distal airway immune function remains unclear, surgical stress elevates plasma concentrations of TNF-␣ and IL-1 (17, 18) . A significant increase in plasma IL-1␣ and TNF-␣ occurred during lung surgery (17) . According to Lahat et al. (18) , IL-1 and TNF in the plasma increased during cholecystectomy.
Mechanical ventilation also augments pulmonary inflammatory responses that, in turn, propagate a vicious cycle of additional inflammation that may eventually damage tissues (19, 20) . For example, Takata et al. (20) demonstrated a greater increase in TNF-␣ gene expression during conventional than high-frequency ventilation in a surfactant-deficient rabbit model. These results suggest that surgical stress and mechanical ventilation contribute to intraoperative pulmonary inflammation.
Even adherence to plastic separation tubes can induce gene expression of cytokines (21) . We therefore did not separate the macrophages from other cells such as lymphocyte and neutrophils to avoid any artificial influence of the sorting process on cytokine expression. As a consequence, we cannot make any definite conclusions regarding the cell source for the observed increase in gene transcription. An additional limitation of our protocol is that we could not determine whether the observed differences between isoflurane and propofol might be a reasonable basis for choosing one anesthetic or another. The primary reason is that we did not observe any clinical pulmonary complications in this relatively small and healthy patient population.
IFN-␥ generally potentates immune response by augmenting microbicidal activities. Although acute and massive secretion of IL-1 and TNF-␣ causes respiratory failure, IL-1 and TNF-␣ potentate immune resistance in wound healing and bacterial infection when secreted in a controlled quantity (22, 23) . Massive neutrophil influx induced by IL-8 is similarly associated with serious pulmonary dysfunction, although moderate levels of neutrophil infiltrates augment defense against bacterial infection (24) . The patterns of gene expression that we observed coincided with the progressive increase in macrophage aggregation and neutrophil influx in the distal airway. Our data thus suggest that anesthesia and surgery provoke an inflammatory response at transcriptional levels. It is likely that this pattern of gene expression represents a physiologic immune response to pulmonary insult. However, we cannot exclude a potentially harmful inflammatory reaction.
The neutrophil influx, macrophage aggregation, and increases in gene expression of proinflammatory cytokines suggest inflammatory reaction in alveolar macrophages. Decreases in phagocytosis and bactericidal activity seem to be inconsistent with the inflammatory reactions shown above. Alveolar macrophages have important immunologic functions as effector and regulatory cells. Their regulatory functions include recognition of pulmonary insults and initiation of adequate inflammatory reactions via secretion of immuno-modulators. In inflammatory states, alveolar macrophages appear to function more as regulatory cells, with effector functions including phagocytosis and bactericidal activity being suppressed.
In summary, gene expression of proinflammatory cytokines increased over time. The changes were more pronounced during isoflurane than propofol anesthesia, indicating that the inflammatory reaction at transcriptional levels is modulated by the type of anesthesia and the duration of anesthesia.
